PLATES 78 TO 80.
(Received for publication, September 6, 1918.) In sterilizing infected wounds with hypochlorite solution one of the most important problems has been that of avoiding excessive irritation. Dakin,: found that sod:urn hypochlorite solution could be used clinically if its concentration was not greater than 0.5 per cent and if the excess alkalinity of the solution had been reduced until there was no longer color with powdered phenolphthalein.
In reducing this excess alkalinity he used boric acid and thus introduced buffer salts that tend to prevent further change in the reaction of the solution. The resultingsolution has come into general use as "Dakin's solution." So many modifications of Dakin's original solution have been proposed that it seemed desirable to gain some idea of their relative irritant properties. Recent work from this laboratory ~ has emphasized the fact that Dakin's hypochlorite solution adjusted to the efldpoint of powdered phenolphthalein is not a neutral solution as it has often been described, but is a solution with an alkalinity of about 1,000 times that of water (pH = 10.2). Moreover, there is a lower limit of alkalinity, at about 100 times that of water (pH about 9), below which this solution becomes too unstable for clinical use. Powdered phenolphthalein alone is not a sufficient criterion of the reaction, but is the test for the upper limit of alkalinity. The end-points ~ of alcoholic phenolphthalein (pH of 8.5 to 8.8) or o-cresolphthalein (pH of 9.2 to 9.4) can be used as tests for the lower limit of alkalinity. It seemed desirable, therefore, in studying the relative irri-'-Dakin, H. D., Brit. Med. Y., 1915, ii, 318. Cullen, G. E., and Austin, J. H., J. Biol. Chem., 1918, xxxiv, 553. 681 tant action of the solutions to be tested, to adjust them to these upper and lower limits of alkalinity. The relation between these iimits is expressed graphi6ally in . Approximate alkalinity of a 0.5 per cent sodium hypochloHte solution at end-points to phenolphthalein and o-cresolphthalein. Also the relation between alkalinity of solutions and their availability for clinical use. Alkalinity is expressed in terms of hydrogen ion concentration (pH) and compared with that of water.
Three methods are available for the preparation of sodium hypochlorite solutions. In preparing the solution from bleaching powder, the most used and least desirable method, the calcium is precipitated from the bleach suspension by sodium carbonate and the excessive alkalinity of the filtrate, containing sodium hydroxide (NaOH) and sodium carbonate (Na,CO3), is neutralized by boric acid, (Dakin I) or by sodium bicarbonate (Daufresne s) or by hydrochloric acid and bicarbonate (Cullen and Austin 0.
The degree of this alkalinity is proportional to the calcium hydroxide content of the bleaching powder which is an extremely variable factor. Neutralization by either boric acid or hydrochloric acid to the end-point to powdered phenolphthalein adjusts the solution to a definite reaction (pH about 10) regardless of this variation. If, however, the same fixed quantity of bicarbonate is added to filtrates of unknown and differing alkalinity, as is the case with the Daufresne modification, the reactions of the resulting hypochlorite solutions will not be constant. Experience has shown us that this modification cannot be used with the bleaching powders of irregular composition obtainable in this country, and we have, therefore, not used it in these experiments.
Sodium hypochlorite solutions may be prepared more conveniently and economically by passing chlorine gas into a sodium carbonate solution3 The reaction for a definite hypochlorite concentration is determined by the strength of the carbonate solution used. A third method, that of the electrolysis of a brine solution, is also economical and convenient and is especially suitable for use on ships) Alkali in some form is sometimes added to increase the stability of the solution.
There are many other hypochlorite solutions which have been more or less widely used. A calcium hypochlorite solution and a bleaching powder filtrate, which had been treated with insufficient carbonate to remove all the calcium, were used as types of solutions with low buffer action. Eusol, e the solution used extensively by the British Army, is made from equal parts of boric acid and bleaching powder. The boric acid in this case is added to liberate free hypochlorous acid rather than with the purpose of preparing a hypoDaufresne, M., Presse m~d., 1916, xxiv, 474. 4 Cullen and Austin, Proc. Soc. Exp. Biol. and Meal., 1917-18, xv, 41. 5 Dakin, H. D., and Dunham, E. K., A handbook of antiseptics, New York, 1918, 116. 8 Smith, J. L., Drennan, A. M., Rettie, T., and Campbell, W., Brit. Med. J., 1915, ii, 129. chlorite solution of low alkalinity. The resulting solution is, however, alkaline in reaction. The reasons for the selection of the other solutions will be self-evident.
EXPERIMENTAL.

Choice of Solutions.
We have tested Dakin's solutions made (1) by adjustment of the excessively alkaline bleaching powder-carbonate filtrate with boric acid to the definite end-points of (a) powdered phenolphthalein (pH of 10.2) and (b) 0.1 per cent alcoholic o-cresolphthalein (pH of 9.3); (2) by the adjustment of the same filtrate with hydrochloric acid and sodium bicarbonate to a reaction between these points (Cullen and Austin4); (3) by the chlorine-carbonate method to the same reactions (a and b) as in (1); and (4) by electrolysis. We have further tested (5) a weakly alkaline (nearly neutral) hypochlorite solution; (6) an excessively alkaline hypochlorite solution (dilute Javelle water) ; (7) sodium hypochlorite solutions containing a small amount of calcium but no carbonate; (8) a calcium hypochlorite solution; (9) a eusol solution; (10) a carbonate control with a pH of 9; and finally the organic chlorine antiseptics introduced by Dakin, (11) chloramine-T 7 and (12) dichloramine-T. 8 For convenience we will refer to the reactions in terms of the pH value. Reference to Text- fig. 1 will show the corresponding alkalinity as compared with water. Solution 2 (Bleach-HCl-NaItCO3).--The alkaline filtrate obtained as above was neutralized to the end-point to powdered phenolphthalein with 10 per cent hydrochloric acid instead of with boric acid. Then an equal volume of 6.25 per cent sodium bicarbonate solution was added and the solution was diluted with water to 0.5 per cent sodium hypochlorite concentration. This differs from the older use of sodium bicarbonate in that the solution is first adjusted to the definite end-point of powdered phenolphthalein and then made less alkaline by the addition of an arbitrary amount of bicarbonate. The reaction of this solution is slightly more alkaline than the end-point to o-cresolphthalein; i.e., is at a pH of about 9.5. Solution 5 (ptt Less than 8.5; Nearly Neutral).--The solution was prepared by passing chlorine gas into a carbonate solution until it no longer gave a flash of color with alcoholic phenolphthalein. This solution having a pH of less than 8.5 was then diluted to 0.5 per cent sodium hypochlorite concentration. Since this solution contains a large proportion of hypochlorous acid and is very unstable, it was prepared immediately before each experiment.
Preparation of
Solution 6 (Dilute Javelle Water).--The solution was made from the strongly alkaline filtrate used in preparing the bleach Dakin's by dilution to 0.5 per cent sodium hypochlorite concentration without any neutralization.
Solution 7.--A sodium hypochlorite solution containing no carbonate, but traces of calcium, was prepared by precipitating 95 per cent (determined experimentally) of the calcium of a suspension of bleaching powder with sodium carbonate. The solution was then diluted to 0.5 per cent sodium hypochlorite. 9 A 1.5 per cent sodium carbonate solution is now used.
Solution 8.--Calcium hypochlorite was prepared by filtering a suspension of bleaching powder. The solution was then diluted to a 0.5 per cent sodium hypochlorite equivalent.
Solution 9.--Eusol solution was prepared by mixing 25 gin. of boric acid with 25 gin. of bleaching powder (of about 25 per cent available chlorine) in 1 liter of water. The mixture was allowed to stand over night, filtered, and diluted to 0.5 per cent sodium hypochlorite equivalent. At first there was a definite evolution of gas, but this had ceased before the solution was used. This solution is about twice the concentration of that ordinarily used as eusol.
Solution lO.--An alkaline carbonate control with a pH of about 9 was prepared by adding 1 gin. of sodium carbonate and 13 gin. of sodium bicarbonate to a liter of water.
Solution ll.--Chloramine-T was used in 2 per cent aqueous solution. Solution 12.
--Dichloramine-T was dissolved to a concentration of 5 per cent in chlorcosane, ao
Testing of Irritation.
The ears of rabbits were used because of the ease with which large surfaces could be exposed to the action of the antiseptic solutions without the irritation of contiguous skin areas. The rabbits were placed on boards with part of the head projecting so that the ears hung over. Two 250 cc. glass tumblers filled with the test solutions were then so placed that each ear was immersed in a separate solution. One ear was placed in the control solution, the other in the solution to be tested.
Single exposures were not sufficient to give definite differences and the experiments were therefore run for either a 20, 40, or 60 minute period per day for several consecutive days. A 60 minute period per day somewhat approximates the length of time that patients under the Carrel n method are subjected to the action of hypochlorite solution, for, assuming that the solution maintains effective strength for about 5 minutes at each 2 hour instillation, we would have a total of 60 minutes per day.
Fresh solutions of known concentration were used each day and at the end of each exposure the solutions in the tumblers were lO Dakin and Dunham, Brit. Med. J., 1918, i, 51. 11 Carrel, A., Dakin, Daufresne, Dehelly, and Dumas, Presse m~d., 1915, xxiii, 397 . Carrel, A., and Dehelly, G., The treatment of infected wounds, New York, 1917. titrated and the percentage loss of hypochlorite (or hypochlorite equivalent) was recorded. Unless otherwise stated the initial concentration was 0.5 per cent sodium hypochlorite or its equivalent.
The ears were inspected before and after every exposure and daily for 10 days following the last exposure.
Experiment /.--Nine white rabbits of approximately the same weight were placed in position. The left ear of each was suspended in tap water and the right in the solutions indicated. Each ear was exposed to the same solution 20 minutes daily for 7 successive days. The results are given in Table I . 0.5% sodium hypochlorite (chlorinecarbonate; pH of 9.3). 0.5% sodium hypochlorite (bleach-HC1-NaHCOs). 0.5% sodium hypochlorite (bleachboric; pH of 10.2). 0.5% sodium hypochlorite (chlorinecarbonate; pH less than 8.5). 0.5% sodium hypochlorite (with calcium). 0.5% sodium hypochlorite (strongly alkaline). Alkaline carbonate control (pH of 9). 2% chloramine-T. 5% dichloramine-T in chlorcosane. Water. tSee discussion.
The solution with a pH of less than 8.5 and the strongly alkaline hypochlorite solutions were the most irritating. The former caused slightly more irritation than the latter. At the end of the experiment the ears were swollen to twice their normal thickness, due to edema; and there were superficial ulceration and confluent petechi~e that discolored the entire surface. The hair had entirely disappeared. The solutions, bleach-boric pH of 10.2, chlorine-carbonate pH of 9.3, and bleach-HCl-NaHCO3, all caused an irritation which was uniformly much less tl~an ttlat of the most irritating group. The bleachboric pH of 10.2 solution seemed to be slightly less irritating than the others. The ears were edematous, the hair was completely eroded, and subcutaneous petechia~ were rather prominent. The solution containing calcium, but no carbonate, was the least irritating of the hypochlorite solutions. The hair was eroded, there was scarcely any edema, and the few petechi~e present occurred only on the proximal portion of the convexity of the ear. There was no ulteration. The alkaline carbonate control caused no irritation.
Chloramine-T in 2 per cent solution was not irritating Dichloramine-T, 5 per cent in chlorcosane, produced an effect that differed somewhat from that caused by the other solutions. The congestion was striking; every vessel, large and small alike, seemed to be engorged with blood. There was some thickening of the ear due to a mild grade of edema. There were no hemorrhages and the skin and the hair were not eroded. Chlorcosane alone produced a similar effect but the edema was slightly less marked.
Experiment 2.--Th~s was similar to Experiment 1, save that the exposures were of 40 minutes duration daily for 3 consecutive days. The results (Table  II) were identical.
It appeared from Experiments 1 and 2 that the original boric acid I)akin's solution adjusted to an alkalinity of 10.2 was perhaps somewhat less irritating than the solution prepared either from bleaching powder or from chlorine and neutralized to the less alkaline end-point. As this difference was not clear-cut a third experiment was planned to eliminate any individual variations in irritability. 0.5% sodium hypochlorite (chlorinecarbonate; pH of 9.3). 0.5% sodium hypochlorite (bleach-HC1-NaHCOs). 0.5% sodium hypochlorite (bleachboric; pH of 10.2). 0.5% sodium hypochlorite (chlorinecarbonate; pH less than 8.5). 0.5% sodium hypochlorite (with calcium). 0.5% sodium hypochlorite (strongly alkaline). Alkaline carbonate (control; pH of 9). 2% chloramine-T. 5% dichloramine-T in chlorcosane. Experiment 3.--The left ears of four rabbits were suspended in bleach-boric solution (pH of 10.2) and the right ears in the routine hospital solution (chlorinecarbonate, pH of 9.3). The ears were exposed 40 minutes daily for 5 consecutive days. They were carefully inspected before and after each exposure to the solutions and daily for 10 days subsequent to the last exposure (Table III) .
Rabbit 19 was found dead on the 3rd day. The cause of death was unknown. The skin reactions observed in these rabbits were similar to those observed in Experiments 1 and 2. The hair was eroded from the skin, there were a rather severe grade of edema, congestion, and considerable subcutaneous hemorrhage without, however, any ulceration. At no time during the entire period of observation could any difference be detected between the two ears in any of the rabbits and it was therefore concluded that there was no difference in the irritant actions of these two solutions. Experiment 4.--Since there was some variation between individual rabbits in Experiment 3, it seemed desirable to test the other solutions with several animals, using on the control ear a hypochlorite solution rather than water. The solution prepared from chlorine and carbonate at a pH of 9.3 was taken as the control, as in Experiment 3, and the following sol Lions were tested: the chlorinecarbonate, pH of 10.2, and the bleach-boric, pH of 9.3 (Table IV) . The results show that although individual rabbits may vary slightly in irritability, there is not sufficient difference in the irritant action of the various solutions to be detected by experiments of this nature. The differences are probably not of sufficient consequence to warrant more delicate tests.
Experiment 5.--Results from Experiments 1 and 2 indicate that the sodium hypochlorite solutions containing calcium, but no carbonate or borate buffers, have less irritant action than ordinary buffered solutions. In order to test this with the elimination of the individual variation in irritation shown by different rabbits, four rabbits were subjected to the action of such a solution with the same technique as in Experiments 3 and 4. The results are given in Table V . There is no doubt that these solutions are definitely less irritating than the ordinary Dakin's solutions; however, such solutions should not be substituted for the regular Dakin's solutions without further clinical evidence involving the solvent action on necrotic tissue, pus, effect on rate of cicatrization, etc.
Experiment 6.--The irritant action of electrolytically prepared hypochlorite was compared with that of chlorine-carbonate solution of the same concentration exactly as in Experiments 3 to 5, except that three 60 minute periods were used. As is indicated by Table VI, no difference between the two solutions could be detected. Experiment 7.---The irritant action of eusol, the hypochlorite solution proposed for clinical use by Smith and his colleagues, 6 was compared with that of Dakin's solution in exactly the same manner as in the preceding experiment. It should be noted that the solution is used in a 0.5 per cent sodium hypochlorite concentration rather than about 0.27 as ordinarily used. As will be seen from Table VII , eusol is somewhat less irritating than Dakin's solution. However, in this series of experiments the ears subjected to eusol were .affected more for the first 2 days than were those subjected to the Dakin's solution. After 5 days the ears in the Dakin's solution showed slightly more irritation than those in eusol.
DISCUSSION.
The above experiments would indicate that the ears of rabbits are a satisfactory means of studying the irritating effect of solutions on normal skin. In using them, however, to show relative irritation, one should employ an irritating solution as the control, since the rabbits show considerable individual variation in their response to irritation. About one out of each four will develop two or three times more inflammation than the other three. The results may be considered from several view-points, as follows:
Pathology.--Irritation of the ears of the rabbits was evidenced by certain inflammatory changes. Chloramine-T, 2 per cent (Fig. 1) , and the alkaline control solution produced no inflammation. No differences could be detected between the ears suspended in these solutions and those in water. Dichloramine-T, 5 per cent in chlorcosane, and chlorcosane alone caused slight edema and marked congestion. The hypochlorite solution containing calcium, but no buffer salts, caused erosion of the hair, slight edema, and a few discrete petechim on the proximal portion of the dorsal surface of the ears.
All the Dakin's solutions brought about erosion of the hair, a marked grade of edema, and confluent subcutaneous petechi~e (Fig.  2) . The nearly neutral and strongly alkaline hypochlorite solutions eroded the hair, produced a very marked degree of edema, and a discoloration of the entire surface of the skin. There were superficial ulcerations (Fig. 3) . Immediately after removal from the hypochlorite solutions the ear surfaces appeared clean and bleached. After a short interval congestion occurred. Between treatments there was a roughing of the surface, probably due to the serofibrinous exudate noted below in connection with the histology. After the first treatment discoloration of the ears occurred, due to petechi~e. After the last exposure a crusting of the exudate took place which fell off after a few days. Gradually the edema disappeared, the subcutaneous hemorrhages were absorbed, and 2 or 3 weeks after treatment new hair began to" make its appearance. After another week the ears appeared normal.
Microscopic Examination.--Sections were taken from the ears after the last treatment and stained with methylene blue and eosin, as seen in Figs. 4 and 5.
Chloramine-T produced no demonstrable change (Fig. 4) . 5 per cent dichloramine-T in chlorcosane and chlorcosane alone produced very marked congestion and some widening of the tissue spaces (edema). The sodium hypochlorite solution containing calcium also produced a mild degree of edema and brought about erosion of the cornified epithelium and hair and a few subcutaneous hemorrhages. There was an infiltration of small round cells into the subcutaneous tissues and a thin surface exudate, serofibrinous in character. All the Dakin's solutions caused dilatation of the small blood vessels, a rather marked grade of edema, and erosion of the cornified layer of the skin and of the hair shafts which extended down to the hair follicles themselves. There were, in addition, hemorrhages into the subcutaneous tissues, considerable infiltration of the corium with small round cells, and a thickening of the epithelium of the skin and of the hair follicles. Mitotic figures were abundant. There was evidence of fibroblastic proliferation. A thick, shaggy serofibrinous exudate was present over the surface (Fig. 5) .
The strongly alkaline and nearly neutral hypochlorite solutions produced changes which were of the same type as those caused by the Dakin's solutions but greater. There were, in addition, superficial ulceration and extensive infiltration of the subcutaneous tissues with polymorphonuclear leucocytes.
Rate of Decomposition of Solutions.--It is, of course, well recognized that the chlorine antiseptics are decomposed by tissue material. To determine whether there was any relation between the extent of irritation and the rate of deterioration of the antiseptic, the solutions in Experiments 3, 4, 5, and 7 were titrated after each experiment. The results were analyzed in several ways. First, the percentage fall in concentration per day for each solution was studied and plotted as curves. There were so many irregularities in these curves that the composite averages for each set of four ears were compared. The composite daily curve of the four ears in each set subjected to the chlorine-carbonate control solution may be compared with the composites of the four ears in the other solutions. The curve plotted ~rom such averages for Experiments 3, 4, 5, and 7 are given in Text- fig. 2 . It would seem that while the irregularities in the curves are marked, there is a definite tendency for the solutions that were the Secondly, the results for each ear over the entire period were then compared. The average percentage loss over the entire period, i.e. 3 to 6 days for each ear, are given with each experiment as the "period average fall" and summarized in Table VIII . It will be seen that the average fall of the solution used most, chlorine-carbonate (pH of 9.3), for the entire twenty ears is 32 per cent and that the average fall for the twelve ears subjected to the other Dakin's solutions is 33 per cent. It should be recognized that changes in temperature, season, etc., may cause considerable variation on different days. It is, however, striking that in the solutions which cause similar biological changes, the average losses are almost identical.
CONCLUSIONS.
From the above observations we must conclude that Dakin's hypochlorite solutions, of which the alkalinity is kept within the range of from 100 to 1,000 times the alkalinity of water (pH of 9.3 to 10.2) by means of buffer salts, have practically the same degree of irritant action. Moreover, the manner in which these' solutions are prepared, whether from bleaching powder and sodium carbonate, or from chlorine and sodium carbonate, and the type of buffer salt used, either carbonate or borate, have no influence on the degree of irritation. Solutions, however, that have an alkalinity less than that indicated by the end-point of alcoholic solution of phenolphthalein (pH of 8.5 to 8.8), or greater than that indicated by the end-point to powdered phenolphthalein (pH of 10.2) , are intensely irritating. The sodium hypochlorite solution from which most of the calcium has been precipitated, and calcium hypochlorite solution seem less irritating than Dakin's solutions. The alkalinity in these unbuffered solutions is due mainly to the hydrolysis of the hypochlorite and is decreased as the hypochlorite is decomposed. This, rather than any specific action of the calcium, is probably the explanation of their lessened irritant action.
It is also evident that one may expect the hypochlorite solutions to maintain effective antiseptic concentration for about the same period of time, regardless of the manner in which they are prepared.
SUMMARY.
1. The use of the ears of rabbits is proposed in testing the irritant effect of antiseptics.
2. It is necessary, because of individual variations, to use solutions having definite irritant actions as controls.
3. 0.5 per cent sodium hypochlorite solutions have minimum irritant effects over a range of alkalinity of from about 100 to 1,000 times that of water (pH about 9 to 10). Solutions may be adjusted within these limits by use of the end-points of powdered phenolphthalein, of alcoholic solutions of either o-cresolphthalein or phenolphthalein.
4. Sodium hypochlorite solutions kept within the above range of alkalinity by either borate or carbonate buffer salts, i.e. Dakin's solution, show the same irritative properties whether made from bleaching powder and sodium carbonate, or from chlorine and sodium carbonate.
5. Electrolytically prepared solutions of the same concentration have similar irritant action.
6. Solutions, however, that have an alkalinity less than that indicated by the end-point of alcoholic phenolphthalein solutions (pH of 8.5 to 8.8) or greater than that indicated by the end-point to powdered phenolphthalein (pH of 10.2) are intensely irritating. 7. 0.5 per cent sodium hypochlorite solution from which most of the calcium has been precipitated and calcium hypochlorite solution of equivalent hypochlorite concentration are only slightly irritating.
8. 2 per cent chloramine-T solution has no irritant action. 9. 5 per cent dichloramine-T in chlorcosane and chlorcosane alone irritate rabbit ears to a slight degree only.
EXPLANATION OF PLATES.
PLATE 78. 
